Ors-binding activity (OBA) was previously semipurified from HeLa cells through its ability to interact specifically with the 186-basepair (bp) minimal replication origin of ors8 and support ors8 replication in vitro. Here, through competition band-shift analyses, using as competitors various subfragments of the 186-bp minimal ori, we identified an internal region of 59 bp that competed for OBA binding as efficiently as the full 186-bp fragment. The 59-bp fragment has homology to a 36-bp sequence (A3/4) generated by comparing various mammalian replication origins, including the ors. A3/4 is, by itself, capable of competing most efficiently for OBA binding to the 186-bp fragment. Band-shift elution of the A3/4 -OBA complex, followed by Southwestern analysis using the A3/4 sequence as probe, revealed a major band of ϳ92 kDa involved in the DNA binding activity of OBA. Microsequencing analysis revealed that the 92-kDa polypeptide is identical to the 86-kDa subunit of human Ku antigen. The affinity-purified OBA fraction obtained using an A3/4 affinity column also contained the 70-kDa subunit of Ku and the DNA-dependent protein kinase catalytic subunit. In vitro DNA replication experiments in the presence of A3/4 oligonucleotide or anti-Ku70 and anti-Ku86 antibodies implicate Ku in mammalian DNA replication.
INTRODUCTION
Ku antigen (autoantigen) is a heterodimeric (p70/p86) DNA-binding protein recognized by autoantibodies from the sera of certain patients with systemic rheumatic diseases (Mimori et al., 1981; Reeves, 1985; Yaneva et al., 1985; Mimori and Hardin, 1986) . It consists of two polypeptides of 86 and 70 kDa (Yaneva et al., 1985) . Ku is identical to a DNA-dependent ATPase isolated from HeLa cells (Cao et al., 1994) that had been previously reported to cofractionate with a 21S multiprotein complex competent for DNA synthesis from HeLa cells (Vishwanatha and Baril, 1990) . Furthermore, the interaction of Ku antigen with a human DNA region (B48) containing a replication origin was reported (Tóth et al., 1993) , and a novel ATP-dependent DNA unwinding enzyme, DNA helicase II (HDH II), was identified as Ku (Tuteja et al., 1994) . Recently, Ochem et al. (1997) reported that the Ku70 subunit is the one associated with the helicase activity in the Ku70/Ku86 heterodimer. Moreover, a role for Ku70 as a tumor suppressor for murine T cell lymphoma has been suggested, because Ku70 deficiency facilitates neoplastic growth (Li et al., 1998) . Ku has been shown to be the DNA-binding subunit of the DNA-dependent protein kinase (DNA-PK) holoenzyme Suwa et al., 1994) , a nuclear component that phosphorylates a number of DNA-binding, regulatory proteins, including transcription factors (Sp1, p53), RNA polymerase II, topoisomerases I and II, Ku antigen, and SV-40 large T antigen (Anderson, 1993 , and references therein). Although Ku has been characterized as a DNA end-binding protein, it was recently shown that it is also a sequence-specific DNA-binding protein, binding to negative regulatory element 1 (NRE1) in the long terminal repeat of mouse mammary tumor virus (Giffin et al., 1996) . It has also been recently reported that a Ku-like protein from Saccharomyces cerevisiae is required for the in vitro assembly of a multiprotein complex at the ARS121 origin of replication (Shakibai et al., 1996) .
Our laboratory has previously isolated and cloned early-replicating origin-enriched sequences (ors) from synchronized African Green monkey kidney (CV-1) cells . The ors-containing plasmids are capable of transient autonomous replication in vivo, when transfected into monkey (CV-1 and COS-7) and human (HeLa) cells (Frappier and ZannisHadjopoulos, 1987; Landry and Zannis-Hadjopoulos, 1991) and in an in vitro replication system that uses HeLa cell extracts (Pearson et al., 1991) . Both in vivo and in vitro, replication is semiconservative, bidirectional, depends on the presence of an ors-containing template, and initiates within the ors sequence (Frappier and Zannis-Hadjopoulos, 1987; Pearson et al., 1991; Zannis-Hadjopoulos et al., 1992; Pearson et al., 1994) . We have recently shown that one of the functional ors, ors12, serves as a chromosomal origin of DNA replication in CV-1 cells (Pelletier, Price, and Zannis-Hadjopoulos, unpublished observations).
The fractionation of HeLa cell replication proteins with ors-binding activity (OBA) was reported previously (Ruiz et al., 1995) . OBA sediments at ϳ150 kDa in a glycerol gradient. The OBA-containing fraction is enriched for polymerases ␣ and ␦, topoisomerase II, and RP-A and can support the in vitro replication of ors8 plasmid (Ruiz et al., 1995) . Partial purification of OBA was achieved through its sequence-specific binding to a 186-bp subfragment of ors8, which was previously identified as the minimal sequence required for ors8 function as a replication origin in vivo and in vitro (Todd et al., 1995) .
In this study, we have identified the DNA binding activity of OBA as the 86-kDa subunit of Ku (Ku86) antigen. We have also affinity-purified OBA (apOBA) based on its ability to specifically bind to A3/4, a sequence derived by comparison of mammalian DNA replication origins. Sequence-specific binding of OBA/Ku was also supported by band-shift competition analysis using a supercoiled A3/4-containing plasmid. Furthermore, inhibition of in vitro DNA replication was observed in the presence of either increasing amounts of the A3/4 oligonucleotide or anti-Ku70 and anti-Ku86 antibodies. The results indicate an involvement of OBA/Ku antigen in mammalian DNA replication.
MATERIALS AND METHODS

Cells and Plasmids
pBR322, p186, pors8, and pors12 plasmids were propagated in Escherichia coli HB101, as described previously (Frappier and ZannisHadjopoulos, 1987; Landry and Zannis-Hadjopoulos, 1991) . Ors8 (GenBank accession no. M26221) plasmid has been described previously Zannis-Hadjopoulos et al. 1985; Rao et al., 1990) . p186 consists of the NdeI-RsaI fragment (186 bp) of ors8 inserted into the NruI site of pBR322 (Todd et al., 1995) . Linearized A3/4/pBR322 and pBR322 plasmids were obtained by digestion with NruI enzyme.
Preparation of DNA Fragments, Oligonucleotides, and End-labeling
To obtain the 186-bp fragment for band-shift experiments, pors8 plasmid was used as template in PCR reactions for amplification of the ors8 insert, which was then digested with NdeI and RsaI, as described previously (Ruiz et al., 1995) . A nonspecific competitor fragment, pBRfg (206 bp), was prepared by PCR amplification of pBR322 DNA, as described previously (Ruiz et al., 1995) . Oligonucleotides containing the A3/4 sequence (36 nucleotides in length; 5Ј-CCTCAAATGGTCTCCAATTTTCCTTTGGCAAATTCC-3Ј) and a nonspecific competitor derived from pBR322 (16 nucleotides in length; 5Ј-TTCCGAATACCGCAAG-3Ј) were synthesized (Sheldon Biotechnology Center, McGill University, Montreal, Canada), further purified by denaturing PAGE, and annealed as described in Wall et al. (1988) . 5Ј end-labeling of the 186-bp fragment and A3/4 double-stranded oligonucleotide were performed as described previously (Ruiz et al., 1995) .
Fractionation of HeLa Cell Extracts
HeLa S3 nuclei and cytosol (Cellex Biosciences, Minneapolis, MN) were used to prepare nuclear and cytosolic extracts as described previously (Pearson et al., 1991) . Nuclear and cytosolic extracts were mixed (total cell extracts) and dialyzed against buffer A (26 mM HEPES, pH 7.8, 82 mM potassium acetate, 5.0 mM MgCl 2 , 2.5 mM EDTA, 1.0 mM DTT, 1.0 mM PMSF, 1.0 M pepstatin A, 1.0 M leupeptin, 10% glycerol). The chromatographic steps for the purification of OBA were performed essentially as described before (Ruiz et al., 1995) , except that a Sephacryl S-300 (Pharmacia AB Laboratory Separation Division, Uppsala, Sweden) step replaced the 10 -40% glycerol gradient and an affinity-purification step was added at the end. Briefly, total cell extracts were applied to a DEAE Sephadex A-50 column previously equilibrated in buffer A. The flowthrough (FT) was collected, and the bound protein was eluted with a linear salt gradient of potassium acetate (0.082-1.0 M) in buffer A. The fractions collected from the elution gradient were pooled into four different pools (A, B, C, and D) on the basis of their salt concentration. Pool B was then dialyzed against buffer B (0.01 M KHPO 4, pH 7.4, 0.15 M NaCl, 2.5 mM EDTA, 1.0 mM DTT, 1.0 mM PMSF, 1.0 M pepstatin A, 1.0 M leupeptin, 10% glycerol) and loaded onto an Affi-Gel Heparin column (Bio-Rad, Hercules, CA). The FT was collected, and the proteins bound to the matrix were eluted with a linear salt gradient of NaCl (0.15-1.0 M) in buffer B. The fractions were monitored for OBA activity by band-shift analyses, and those that were positive (300 mM NaCl) were concentrated, dialyzed, and labeled as pool E. Pool E was subsequently loaded onto a Sephacryl S-300 column in buffer B, and fractions were collected and monitored for OBA activity as above. The OBA-positive fractions were pooled (pool F), concentrated, and loaded onto an A3/4 DNA affinity column (see below), equilibrated with buffer B. The FT was recovered, and the protein bound to the matrix was eluted with a linear salt gradient of NaCl (0.15-1 M) in buffer B. OBA-positive fractions were pooled (apOBA), concentrated, dialyzed against buffer B, and frozen in aliquots at Ϫ70°C.
DNA Affinity Column
Oligonucleotides complementary (antisense) to the A3/4 sequence oligonucleotide (sense; see above) were synthesized, and 5Ј directional overhangs (5Ј-GATC) were added, yielding a 40-mer oligonucleotide (Sheldon Biotechnology Center, McGill University). The oligonucleotides were further purified by denaturing PAGE. Equal amounts (220 g) of antisense and sense oligonucleotides were M.T. Ruiz et al. mixed, annealed, phosphorylated, and ligated, as described previously (Kadonaga and Tjian, 1986) . The multimers were then coupled to 10 ml of Sepharose CL-2B (Pharmacia Biotech) freshly activated by cyanogen bromide (Kadonaga and Tjian, 1986) .
Gel Mobility-Shift Assays and Competition Experiments
Gel mobility-shift (band-shift) assays were typically performed as described previously (Ruiz et al., 1995) in 20 l volume, by incubating 0.1 ng (0.81 fmol) of end-labeled 186-bp fragment or 0.5 ng (21 fmol), or other indicated amount, of double-stranded, end-labeled oligonucleotide containing the A3/4 sequence, with 200 ng of protein from pool F (Sephacryl S-300). Reactions were performed in binding buffer (10 mM Tris-HCL, pH 7.5, 80 mM NaCl, 1 mM EDTA, 10 mM 2-mercaptoethanol, 0.1% Triton X-100, 4% glycerol) in the presence of 1 g of double-stranded (ds) poly (dI-dC) (Amersham Pharmacia, Baie d'Urfé, Québec, Canada), used as nonspecific competitor. After incubation on ice for 30 min, the reaction mixture was analyzed by 4% PAGE; the gel was then dried and exposed for autoradiography. For band-shift competition experiments, a constant amount (0.1 ng) of radioactively labeled 186-bp fragment was mixed with increasing molar excess amounts of either the 186-bp fragment or various subfragments (75, 69, 59 , and 42 bp, respectively) generated from it, as well as the A3/4 oligonucleotide, used as cold competitors. pBRfg (see above) was also used as nonspecific competitor. A constant amount of protein (200 ng) from pool F (Sephacryl S-300) was then added to the mixture, and the reaction was left to proceed as described above. The shifted complexes were quantitated by densitometry performed using a Phosphoimager (Fuji BAS 2000; Fuji Medical Systems, Stamford, CT) , and the results were expressed as percentage reduction in complex formation with increasing amounts of competitor. In competition reactions using the A3/4 oligonucleotide as probe, increasing molar amounts of either the double-or single-stranded A3/4 oligonucleotides were used as cold competitors. Competition reactions were also performed using either supercoiled or linearized plasmid containing the A3/4 sequence (A3/4/pBR322), or the vector (pBR322) alone; 260 ng of affinity-purified OBA (apOBA) were incubated for 1 h with 50 and 500ϫ molar excess amounts of either the supercoiled or the linearized plasmid, relative to the radioactive A3/4 sequence (0.25 ng; 10.5 fmol), which was added last, and the reaction was left to proceed as described above.
When the mobility-shift assays were followed by Western blotting analyses, the reactions were performed using 0.25 ng/reaction of the probe and increasing amounts of apOBA (100, 250, and 350 ng, respectively), using the conditions described above. Half of the reactions were performed using radioactively labeled DNA, and the other half were performed using cold A3/4 as probe. A control reaction was also carried out in the absence of DNA. The reactions were analyzed using the mini-protean II slab cell electrophoresis system (Bio-Rad, Richmond, CA). After electrophoresis (free probe was run out of the gel), and the radioactive part of the gel was dried and exposed for autoradiography, whereas the equivalent "cold" part of the gel was prepared for Western blotting as described below.
In Vitro DNA Replication
In vitro replication reactions were performed as described previously (Pearson et al., 1991) , with modifications according to Matheos et al. (1998) . In the experiments involving the addition of the A3/4 oligonucleotide competitor, increasing molar excess amounts (relative to the input 200 ng p186 or pors12 template DNA) of either the A3/4 or the nonspecific oligonucleotide (see above) were preincubated with the HeLa cell extracts on ice for 20 min.
Experiments involving the addition of the anti-Ku antibodies were performed in a similar manner as described previously (Lin et al., 1997) . Anti-Ku70 (Santa Cruz Biotechnology, Santa Cruz, CA; sc-1486) and anti-Ku86 (Santa Cruz; sc-1484) antibodies, 3.5, 7.0, and 14.0 g of a 1.5 mg/ml antibody stock, concentrated using Microcon-10 microconcentrators (Amicon, Beverly, MA), were preincubated, respectively, with the HeLa cell extracts, on ice for 20 min. A goat IgG antibody (Sigma, St. Louis, MO) was used as a control.
The antibodies were neutralized as recommended by the manufacturer by reacting 14.0 g of either the anti-Ku70 or anti-Ku86 antibody with a sevenfold (by weight) excess of the Ku70 (Santa Cruz; sc-1486P) or the Ku86 (Santa Cruz; sc-1484P) blocking peptides or with a mixture of GATA-1 (Santa Cruz; sc-1233P), GATA-2 (Santa Cruz; sc-1235P), and DNA-PK (Santa Cruz; sc-1552P) blocking peptides, the latter three serving as nonspecific blocking peptides. The incubations were carried out overnight at 4°C. Subsequently, the neutralized antibodies were preincubated with the extracts and finally added to the in vitro replication reaction, performed as described above.
The in vitro replication products were divided into three aliquots: one-third was digested with 1 U of DpnI (New England Biolabs, Beverly, MA) for 60 min at 37°C, as described previously (Matheos et al., 1998) . The DpnI-digested and one-third of the undigested products were subjected to electrophoresis on 1% agarose gel in 1ϫ Tris-acetate (0.04 M Tris-acetate, 0.001 M EDTA) buffer (16 -20 h, 50 -55 V). The gels were dried and exposed to Kodak X-Omat Blue XB-1 autoradiographic film (Eastman Kodak, Rochester, NY). Quantification was performed by densitometric measurements of the DpnI-digested products, as described previously (Diaz-Perez et al., 1996; Matheos et al., 1998) , using a phosphoimager analyzer (Fuji BAS 2000) . The amount of radioactive precursor incorporated into the DNA was expressed as a percentage of the control p186 reaction (100%).
Band-Shift Elution of OBA-A3/4 Complexes Followed by Southwestern Analysis
Ten band-shift reactions were performed with radioactively labeled A3/4 DNA (10 ng/reaction) and 3.75 g/reaction of protein from pool F (from the Sephacryl-S300 column; see MATERIALS AND METHODS), using the conditions described above. As a control, similar reactions were performed in the absence of DNA. The bandshifts were analyzed by electrophoresis in a native 4% polyacrylamide gel, and the wet gel was exposed for 5 h at 4°C for autoradiography. The OBA-DNA complexes were then excised from the gel, and the proteins and the DNA were eluted from the gel by isotachophoresis (Ofverstedt et at., 1984) and then subjected to electrophoresis on 8% SDS-polyacrylamide gel under reducing conditions. The proteins were then transferred electrically to an Immobilon-P membrane (Millipore, Bedford, MA) and subjected to Southwestern analysis, following the protocol described in Philippe (1994), with some modifications. Briefly, the membrane was incubated overnight (14 -16 h) in blocking solution (buffer S: 25 mM HEPES-KOH, pH 7.7, 25 mM NaCl, 5 mM MgCl 2, 1 mM DTT, containing 5% skim milk and 0.05% NP-40). The next day the membrane was subjected to a process of denaturation-renaturation, as follows: it was incubated for 10 min in a denaturing solution of 6 M guanidine hydrochloride in buffer S, followed by 10 min incubations in 3, 1.5, 0.75, 0.375, and 0.187 M guanidine hydrochloride, respectively, diluted in buffer S; it was then washed twice for 10 min with buffer S, and incubated for 2 h in blocking buffer, followed by 1 h incubation in buffer S ϩ 1% skim milk. The membrane was then incubated overnight in hybridization solution (20 mM HEPES, pH 7.7, 75 mM KCl, 0.1 mM EDTA, 2.5 mM MgCl 2, 1% skim milk, 0.05% NP-40) containing radioactively labeled A3/4 oligonucleotide (5.2 ng/ml, 2.6 ϫ 10 6 cpm/ml) in the presence of poly (dI-dC) (50 g/ml) and pBRfg DNA (454 ng/ml) as nonspecific competitors. Finally, the membrane was washed three times with hybridization solution and subsequently exposed for autoradiography. The entire procedure was carried out at 4°C, and the incubations were performed on a rocking platform.
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Western Blotting Experiments and SDS-PAGE
Denaturing PAGE was performed as described previously (Laemmli, 1970 ) using the mini-protean II slab cell electrophoresis system (Bio-Rad). Western blot analysis was performed essentially as previously described (Burnette, 1981) , using the ECL detection kit (Amersham, Arlington Heights, IL). All of the antibodies were purchased from Santa Cruz Biotechnology. For immunodetection of Ku autoantigen subunits (Ku86 and Ku70), 10 and 20 g of total cell extracts (NC) and 1 and 3 g of affinity-purified OBA were subjected to electrophoresis on 8% SDS-PAGE and electrically transferred to Immobilon-P (Millipore). The membrane was first probed with anti-Ku86 (C-20) antibody (1 g/ml); it was then stripped and reprobed with anti-Ku70 (C-19) antibody (2 g/ml) using the ECL detection kit protocol. For DNA-PK catalytic subunit (DNA-PKcs) detection, 20 and 40 g of total cell extracts (NC), and 3 and 6 g of affinity-purified OBA were run on a 6% SDS-PAGE and transferred onto Immobilon-P membrane (Millipore), as described above. The membrane was then probed with anti-DNA-PKcs (C-19) antibody (4 g/ml). An anti-goat IgG-horseradish peroxidase-conjugated secondary antibody (1:2000) was used in the immunoblots. A similar procedure was used for the Western analysis performed on the membranes that had been previously used for Southwestern or band-shift analyses. Visualization of the proteins in the gels was performed using the Rapid Silver Staining Kit (Sigma).
Microsequencing Analysis of OBA
Protein concentration was determined by the method of Bradford (Bradford, 1976) and the Nucleic Acid Soft-Pack module from a DU-65 Spectrophotometer (Beckman, Mississauga, Ontario, Canada). Twenty-nine micrograms of affinity-purified OBA fraction were subjected to electrophoresis on an 8% SDS-PAGE under reducing conditions. Proteins were blotted onto a Problott membrane (Applied Biosystems, Foster City, CA) and visualized by staining with Ponceau S (Sigma) (0.2% wt/vol in 1% vol/vol acetic acid). The excess of dye was washed off with 1% acetic acid, and a protein band estimated to be ϳ92 kDa was subsequently excised from the membrane and sent for internal sequencing analysis (Harvard Microchemistry Facility, Cambridge, MA).
RESULTS
Specific Interaction between OBA and the A3/4 DNA Consensus Sequence
The map and sequence characteristics of the 186-bp fragment of ors8 have previously been reported (Ruiz et al., 1995; Todd et al., 1995) . In the present study, band-shift competition experiments were performed to localize the OBA binding site within the 186-bp minimal origin of ors8 ( Figure 1A) . In contrast to the nonspecific competitor pBRfg, which did not compete, the different subfragments of the 186 bp competed to different extents for OBA binding. The most efficient competitor was the internal 59-bp fragment ( Figure  1A) , generated from the digestion of the 186 bp with MslI and FokI ( Figure 1B) , which competed as efficiently as, or better than, the 186-bp fragment itself. The 59-bp fragment ( Figure 1C ) contains two 7-bp stretches with 85% identity to a 36-bp DNA sequence, A3/4 ( Figure 1C ), deduced from different ors Rao et al., 1990) and human replication origins isolated in our laboratory (Bell et al., 1991; Wu et al., 1993; Nielsen et al., 1994) . When the A3/4 sequence was tested as competitor for OBA binding to the 186-bp fragment in the band-shift assay, it was able to compete just as well as the 59-bp fragment for OBA binding ( Figure 1A) . Furthermore, the specificity of OBA binding to the A3/4 sequence was tested in a series of competition band-shift assays, using the A3/4 oligonucleotide as specific competitor, in increasing (50 -2000ϫ) molar-fold amounts (Figure 2) . Formation of the OBA-A3/4 complex decreased in the presence of 50-fold molar excess of cold A3/4 oligonucleotide competitor, and it was 95% abolished at 500-fold molar excess of A3/4 (Figure 2 , A3/4 ds). In contrast, when similar competition reactions were carried out using the two single-stranded oligonucleotides of the A3/4 sequence as competitors, neither was able to compete the OBA-A3/4 complex (Figure 2 ; leading and complementary). 
A3/4 Oligonucleotide Inhibits the In Vitro DNA Replication of p186
To investigate the effect of the A3/4 sequence on the replication of p186, we performed in vitro DNA replication assays (Pearson et al., 1991 (Pearson et al., , 1994 Matheos et al., 1998) in which the HeLa cell extracts were preincubated with increasing molar excess amounts of either the A3/4 oligonucleotide or a nonspecific oligonucleotide used as a competitor (Figure 3) . Addition of increasing amounts of the A3/4 oligonucleotide strongly inhibited p186 replication in vitro, decreasing it by approximately fourfold at 10ϫ molar excess and by approximately 10-fold at 250ϫ molar excess amounts relative to the control (Figure 3) . In contrast, addition of the nonspecific oligonucleotide did not affect the replication of p186 (Figure 3) , nor did that of a 29-bp random oligonucleotide (our unpublished results). Addition of the A3/4 oligonucleotide similarly inhibited the in vitro replication reaction of pors12, a plasmid containing ors12, a functional ors that serves as a chromosomal origin of DNA replication, whereas the nonspecific oligonucleotide did not have an inhibitory effect (our unpublished results). The products of the in vitro replication reaction included open circular (form II), linear (III), and supercoiled (I) forms of the plasmid DNA. In addition, replicative intermediates and topoisomeric forms of the plasmid DNA were also obtained, in agreement with previous observations (Pearson et al., 1991; Zannis-Hadjopoulos et al., 1994; and Matheos et al., 1998) . As shown previously, the in vitro replication system mimics in vivo replication in that replication initiates specifically within the ors and is bidirectional, semiconservative, and sensitive to aphidicolin (Pearson et al., 1991 (Pearson et al., , 1994 . 
Identification of the Polypeptide Involved in the DNA Binding Activity of OBA
To analyze the peptide(s) involved in the DNA binding activity of OBA, band-shift elution (Ruiz et al., 1995) of the OBA-A3/4 complex followed by Southwestern blot analysis was performed (Figure 4) . Several band-shift reactions were performed simultaneously, and the OBA-A3/4 complex was excised and eluted from the gel by isotachophoresis. The OBA proteins were then subjected to Southwestern analysis (see MATERIALS AND METHODS) using the A3/4 oligonucleotide as radioactive probe. A major band of ϳ92 kDa was revealed as the one primarily involved in the DNA binding activity of OBA (Figure 4, arrow) .
OBA Purification on an A3/4 Affinity Column
An A3/4 DNA sequence-specific affinity column was prepared to enrich for the DNA binding activity of OBA, as determined by Southwestern analysis. Pool F (from Sephacryl-S300 column) was loaded onto the column, the FT was recovered, and the proteins bound to the column were eluted with a linear salt (NaCl) gradient (see MATERIALS AND METHODS). The apOBA, localized by band-shift analyses using the A3/4 oligonucleotide as probe, was eluted at 0.45 M NaCl as a single peak around fraction 72 ( Figure 5 ) and generated the same characteristic complexes as those that had been obtained with OBA in the previous chromatographic steps (Ruiz et al., 1995) . PAGE analysis of apOBA ( Figure 6A ) revealed three predominant bands with estimated relative molecular mass of 78,000 (78 kDa), 92,000 (92 kDa), and Ͼ200,000 (Ͼ200 Figure 2) was eluted from the gel by isotachophoresis and subjected to 8% SDS-PAGE under reducing conditions. A control area from the same gel containing protein, but not DNA, was excised and similarly treated. The gel was blotted onto an Immobilon membrane and probed with radioactively labeled A3/4 DNA, in the presence of ds poly (dI-dC) and pBRfg as nonspecific competitors. Lane 1, molecular size markers (molecular sizes are indicated); lane 2, OBA from OBA-A3/4 eluted complex; lane 3, protein control lane. Figure 5 . Elution profile of OBA from the A3/4 affinity column. A DNA sequence-specific affinity column was prepared by binding of oligomers of the A3/4 oligonucleotide sequence to Sepharose CL-2B, freshly activated with cyanogen bromide. Pool F (see MATERIALS AND METHODS) was loaded onto the column, the FT was recovered, and the proteins bound to the matrix were eluted with a linear salt gradient (150 mM-1.0 M) of NaCl in buffer B. The elution of OBA (0.45 M NaCl) was localized by band-shift reactions, incubating 16 l of every second fraction with the A3/4 DNA as probe. kDa). In addition, a band with molecular mass of 130,000 (130 kDa) ( Figure 6A , lane apOBA, asterisk), as well as a doublet of lesser abundance with estimated molecular mass of 104,000 (104 kDa) and 110,000 (110 kDa), respectively, were observed.
DNA-binding Polypeptide of OBA Is Ku86
apOBA was electroblotted onto Problott membrane (Perkin Elmer-Cetus, Emeryville, CA) and stained with Ponceau-S. The 92 kDa exhibiting DNA binding (Figure 4) was excised from the membrane and sequenced at the Harvard Microchemistry Facility by collisionally activated dissociation mass spectroscopy on a Finnigan TSQ 700 triple quadrupole mass spectrometer. The three peptide sequences obtained (Table  1) were subjected to homology searches using the BLAST program (Altschul et al., 1990) , and all three were found to have 100% identity to the Ku86 subunit of human Ku autoantigen (Table 1) .
The enrichment of OBA throughout the purification scheme was visualized by 8% denaturing PAGE of the different pools ( Figure 6A , lanes NC to apOBA). To verify the presence of Ku antigen in the affinity-purified OBA fractions, Western blotting analysis was performed, using antibodies raised against the Ku86 and Ku70 subunits (Santa Cruz). The results ( Figure 6 , B and C) show that the two major OBA bands, estimated as migrating as 92 kDa and 78 kDa, correspond to the Ku86 and Ku70 subunits of Ku autoantigen, respectively. Similar Western blotting analyses using anti-DNA-PKcs antibodies revealed that the high molecular weight predominant band (Ͼ200 kDa) present in the affinity-purified OBA ( Figure 6A , arrow) corresponded to DNA-PKcs (p465) (Figure 6D, arrow) . The 130-kDa band present in apOBA ( Figure 6A , asterisk) and in the Western blot is a degradation product of DNA-PKcs ( Figure 6D, asterisk) . Western analysis performed on the same membrane that had been used for Southwestern analysis (Figure 4) confirmed that the OBA band with DNA binding activity, which was also sequenced, is the Ku86 subunit of Ku autoantigen ( Figure 7A ). Although the Ku70 subunit could also be Figure 6 . Ku antigen is present in the affinity-purified OBA fraction. (A) OBA enrichment profile in the nuclear and cytoplasmic (NC) HeLa cell extracts and in pools B, E, F, and affinity-purified OBA (apOBA) through the purification steps; 2.5 g of pools NC, B, E, and F as well as 1.0 g of affinity-purified OBA were subjected to 8% SDS-PAGE and silver-stained. The position of the DNA-PKcs band is indicated (arrow). Western blot analyses of the affinity-purified OBA fraction were performed using (B) anti-Ku86 antibody (1 g/ml), (C) anti-Ku70 antibody (2 g/ ml), (D) anti-DNA-PKcs antibody (4 g/ml). The DNA-PKcs band is indicated (D, arrow) ; the faster migrating band is a degradation product of DNAPKcs (*). Western analyses were done on 8% SDS-PAGE for Ku86 and Ku70, and on 6% SDS-PAGE for DNA-PKcs. detected ( Figure 7B ), no DNA binding activity was associated with it, in contrast to previous reports (Griffith et al., 1992; Zhang and Yaneva, 1992; Wu and Lieber, 1996) .
Band-Shift Analysis of OBA
When apOBA is used in band-shift assays with A3/4 DNA (Figure 8 ), a faster migrating band (Figure 8 , arrow) is detected below the regular OBA complex ( Figure  8 , asterisk). To investigate the nature of this band, bandshift reactions were performed in duplicate, using radioactively labeled and unlabeled A3/4 oligonucleotide as probe. The radioactive part of the gel was used for bandshift analysis, where the expected band-shift pattern was obtained with increasing amounts of apOBA (Figure 8,  I ). The nonradioactive part of the gel was transferred after electrophoresis to a membrane and subjected to Western blotting analysis, as described above. The results ( Figure 8 , II and III) showed that Ku86 is present only in the upper OBA complex (Figure 8 , II), together with Ku70 (Figure 8, III) , whereas in the faster migrating band only the p70 subunit of Ku was detected (Figure 8 , III).
OBA/Ku86
Binds the DNA in a Sequence-specific Manner To investigate whether OBA/Ku interacts with the A3/4 DNA in a sequence-specific manner or whether it binds to the ends of double-stranded linear DNA without any sequence preference, competition band-shift assays were carried out using as competitor a supercoiled doublestranded plasmid containing the A3/4 sequence A3/4/ pBR322. Similar control reactions were carried out using the supercoiled vector plasmid pBR322, lacking the A3/4 sequence. The results (Figure 9, I ) show that at 50ϫ molar excess, the supercoiled A3/4/pBR322 plasmid competed to a small extent (2.9%) for the OBA binding to the A3/4 oligonucleotide, whereas at 500ϫ molar excess it competed very efficiently, reducing the formation of the OBA-A3/4 complex by 97% (Figure 9 , I, A3/4/ pBR322); the nonspecific supercoiled competitor (pBR322), on the other hand, was not able to affect at all the OBA-A3/4 complex formation (Figure 9, I ). When the same plasmids (A3/4/pBR322 and pBR322) were linearized and used as competitors (A3/4/pBR322/Nru I and pBR322/Nru I, respectively) ( Figure 9 , II), at 50ϫ molar excess only the A3/4/pBR322 plasmid competed to a small extend (4.4%), whereas at 500ϫ molar excess both linear plasmids competed for OBA binding to A3/4 with equal efficiencies (98%) (Figure 9 , II).
Ku70 and Ku86 Antibodies Inhibit the In Vitro DNA Replication of p186
To investigate whether Ku is involved in the replication of p186, we performed in vitro replication reactions preincubating the HeLa cell extracts with increasing (3.5, 7, and 14 g) amounts of the anti-Ku70 . Western blot analysis of the band-shifted complexes generated with apOBA. (I) Bandshift reactions were performed under regular conditions, using 0.25 ng/reaction of A3/4 radioactive probe and increasing amounts of apOBA (100, 250, and 350 ng, respectively). A control reaction was performed in which the DNA was absent. A duplicate set of reactions was also performed using nonradioactive A3/4 as probe. All reactions were subjected to electrophoresis in a minigel apparatus so that the DNA probe ran out of the gel. The nonradioactive half of the gel was transferred to a membrane and subjected to Western Blotting analysis with (II) anti-Ku86 antibody and (III) anti-Ku70 antibody. The position of the main OBA-A3/4 (asterisk) and of the faster migrating (arrow) complexes is indicated. and anti-Ku86 antibodies, as well as a control, goat IgG antibody ( Figure 10A ). Addition of 14 g of either the anti-Ku70 or anti-Ku86 antibodies inhibited the relative in vitro replication of p186 by 62 and 56%, respectively. In contrast, addition of the nonspecific goat IgG antibody had no effect over the entire range of concentrations assayed, indicating that the observed inhibition is specific to the Ku antibodies.
To confirm that the inhibition of p186 in vitro replication was in fact due to specific interaction of the antibodies with Ku antigen in the reaction, the respective antibodies were neutralized with either the Kuspecific or nonspecific blocking peptides before their addition to the reaction ( Figure 10B ). Addition of antiKu70 and anti-Ku86 antibodies that had been neutralized with the Ku70-and Ku86-specific peptides, respectively, reversed the inhibition of p186 replication in vitro ( Figure 10B , lane 3) when compared with the reaction with the untreated antibodies ( Figure 10B , lane 2). Neutralization of the anti-Ku70 antibody (black bars) restored replication by 47% and of the anti-Ku86 antibody (white bars) by 30%, respectively, bringing replication levels close to the control reaction ( Figure 10B, lane 1) . In contrast, when the Ku antibodies were blocked with a nonspecific peptide mixture, and then added to the reaction, they failed to restore replication ( Figure 10B, lane 4) .
DISCUSSION
Ku is a nuclear protein originally identified as an autoantigen associated with human lupus erythematosus and related overlap syndromes (Mimori et al. 1981) . Ku has been reported to be part of a family of related proteins (Griffith et al., 1992) , conserved in organisms that range from yeast (Feldmann and Winnacker, 1993; Jacoby and Wensink, 1996) to humans (Mimori et al., 1981) . Ku (p70/p86) serves as the DNAbinding subunit for the DNA-PK holoenzyme (Dvir et al., 1992; Gottlieb and Jackson, 1993) . It mediates the recruitment of DNA-PKcs to DNA, and although it binds to the ends of naked DNA and is translocated along the DNA in an ATP-independent manner (de Vries et al., 1989) , it was recently reported as a transcription factor that recruits DNA-PK directly to specific DNA sequences (Giffin et al., 1996 (Giffin et al., , 1997 . DNA-PK holoenzyme, composed of the DNA-PKcs (465 kDa) and Ku antigen, has been implicated in multiple nuclear processes, including transcription (Finnie et al., 1993; Genersch et al., 1995; Kuhn et al., 1995; ) , double-stranded DNA break repair (Getts and Stamato, 1994; Jeggo et al., 1995; Weaver, 1995) , V(D)J recombination (Smider et al., 1994; Taccioli et al., 1994; Blunt et al., 1995; Kirchgessner et al., 1995; McConnell and Dynan, 1996, and references therein; Han et al., 1997) , and DNA replication (Anderson and LeesMiller, 1992; Anderson, 1993) .
In this study, we identified a 59-bp region within the 186-bp fragment of ors8, to which OBA is specifically binding. OBA, a DNA binding activity from HeLa cells, was previously identified as a protein activity that specifically interacts with the 186-bp fragment of ors8 (Ruiz et al., 1995) , the minimal sequence required for the replication function of ors8 (Todd et al., 1995) . The 59-bp subfragment of ors8 contains two stretches of 7 bp each with 85% identity to a 36-bp sequence (A3/4) deduced from mammalian replication origins, among them the ors. Band-shift competition analyses confirmed that OBA binds the double-stranded A3/4 sequence specifically. Furthermore, addition of increasing amounts of an oligonucleotide derivative of the A3/4 sequence inhibited the in vitro replication of p186, a plasmid containing the 186-bp minimal ori, as well as that of pors12, a plasmid containing a chromosomal origin of DNA replication. Southwestern analyses of the OBA-A3/4 band-shifted complex revealed a major peptide of ϳ92 kDa responsible for the DNA binding activity of OBA. Microsequencing analyses of this band revealed identity to the 86-kDa subunit of Ku autoantigen (Mimori et al., 1981; Reeves, 1985; Yaneva et al., 1985) . OBA was enriched by affinity purification (apOBA) on a column (Kadonaga and Tjian, 1986) constructed using multimers of the A3/4 sequence.
A supercoiled circular plasmid containing the A3/4 sequence was able to compete for the binding of apOBA to A3/4, as opposed to the vector alone (Figure 9, I ), indicating that the interaction of OBA with A3/4 is sequence-specific; however, OBA is also capable of binding to DNA termini, because the same plasmids (A3/4-pBR322 and pBR322), when linearized, competed for OBA binding as efficiently as the supercoiled specific competitor (Figure 9 , II), in agreement with previous reports regarding Ku binding (Paillard and Strauss, 1991; Gottlieb and Jackson, 1993; Rathmell and Chu, 1994) . Thus, the data indicate that, in addition to binding to DNA ends, as expected, OBA/Ku also exhibits efficient sequence-specific binding to the internal A3/4 sequence. These data support recent reports describing sequence-specific binding of Ku to an internal DNA sequence, NRE1 (Giffin et al., 1996 (Giffin et al., , 1997 ; the direct binding of Ku/DNA-PK to NRE1 represses glucocorticoid-induced mouse mammary tumor virus transcription (Giffin et al., 1996 (Giffin et al., , 1997 . The 26-bp NRE1 sequence contains a sevennucleotide stretch match to the 59-bp fragment of ors8, overlapping A3/4. Interestingly, a 207-bp fragment from the origin of bidirectional replication, ori␤, associated with the dihydrofolate reductase gene, which contains a region of homology (ϳ70%) to the A3/4 sequence, is also able to form a complex with apOBA, Neutralization of the anti-Ku70 and anti-Ku86 antibodies. A constant amount (14 g) of the anti-Ku70 (black bars) and anti-Ku86 (white bars) antibodies was neutralized using specific (lane 3) or nonspecific (lane 4) peptides before being added to the reaction. Lane 1 represents the p186 control reaction, and lane 2 represents the reaction inhibited with 14 g of antibodies. In vitro reactions were performed, and the data were processed as described in MA-TERIALS AND METHODS. which is efficiently competed by increasing amounts of the A3/4 oligonucleotide (our unpublished results).
A Ku-like protein from S. cerevisiae was demonstrated to have affinity for ssDNA (Shakibai et al., 1996) , whereas previous reports identified Ku70 as the DNA binding activity of the Ku(p70/p86) heterodimer, with affinity for DNA ends (Zhang and Yaneva, 1992; Wu and Lieber, 1996) . Recently, the sequence-specific binding of Ku autoantigen to the single, upper strand of NRE1 was shown to be mediated by both Ku subunits (Torrance et al., 1998) . The binding of Ku to double-stranded NRE1, however, although it also requires the two subunits, occurs in a two-step manner. The first step involves binding of the Ku70 subunit to the DNA and is followed by a Mg ϩ2 -dependent step that leads to the contact of the Ku86 subunit to DNA. In our study, band-shift competition analyses demonstrated that OBA binding cannot be competed by single-stranded DNA (Figure 2 ). Microsequencing analyses revealed that apOBA is identical to the p86 subunit of Ku antigen, whereas Western blotting showed that both Ku subunits (70 and 86 kDa) were present in the affinity-purified OBA fraction ( Figure 6 ). Furthermore, Western analysis performed on the same membrane that was used in the Southwestern analysis confirmed that although both Ku antigen subunits (Ku86 and Ku70) were present, the DNA binding activity was associated only with the Ku86 subunit (Figures 4 and 7) . Feldmann et al. (1996) reported the cloning of HDF2 (high-affinity DNAbinding factor), the S. cerevisiae gene encoding the second subunit of the HDF heterodimer, the yeast Ku homologue. HDF2 is homologous to the Ku86 subunit of Ku antigen and can bind DNA on its own. Because the DNA binding activity of HDF2 is much weaker than the binding activity of the HDF heterodimer, the authors argued that HDF2 is the one involved in DNA binding, whereas HDF1 (p70 subunit) increases the affinity of the heterodimer for the DNA. On the other hand, other reports argued that both subunits are directly involved in DNA end binding (Milne et al., 1996) and that only the heterodimeric form of recombinant Ku antigen is able to bind DNA ends (Ochem et al., 1997) . Interestingly, the identification of Ku antigen isolated from HeLa cells in a two-dimensional-gel database of transformed human amnion cell proteins revealed that Ku86 consists of at least three charge variants, whose relative abundance is a function of cell proliferation (Stuiver et al., 1991) . Different charge variants of this subunit could explain the discrepancy in the results regarding the DNA binding activity of the polypeptide.
It was recently reported (Bliss and Lane, 1997; Klug, 1997) that in band-shift analyses involving Ku antigen, the order of addition of reagents to the band-shift reaction is crucial in avoiding artifactual bands. In light of this, we performed band-shift reactions both under conditions in which all the components of the band-shift assay were present at the same time in the reaction, and by step incubation, in which the competitor DNA (A3/4) and the protein (apOBA) were preincubated together and the radioactive probe was added last (our unpublished results). These studies further confirmed that, regardless of the order of addition, the interaction between A3/4 and OBA/Ku is sequence-specific and revealed that preincubation of the A3/4 competitor with apOBA resulted in a higher level of inhibition of formation of the apOBA complex than was obtained otherwise. Interestingly, in bandshift reactions in which the nonspecific competitor (pBRfg), the 186 bp radioactive probe, and the protein fraction were simultaneously incubated, no complex competition was observed (Figure 1, pBRfg) . These results indicate that, when the reagents are present simultaneously, OBA/Ku preferentially binds to its specific internal binding site (contained in the 186-bp fragment of ors 8) and not to the DNA termini presented by the linear nonspecific pBRfg (Figure 1 ). In contrast, in band-shift reactions in which the linear A3/4pBR322 (specific) or pBR322 (nonspecific) plasmids were initially incubated with the protein fraction and the probe was subsequently added, both plasmids were able to compete for OBA/Ku binding, indicating that under these conditions the protein interacted with DNA termini (Figure 9, II) .
Although both subunits of Ku antigen (p70 and p86) were detected in the main (slower migrating) OBAshifted complex (Figure 8 , asterisk) as expected of a heterodimeric (p70/p86) DNA-binding protein (Figure 8, arrow) , only the p70 subunit was detected in the faster-migrating complex (Figure 8, compare II and III) . This is due to the fact that the Ku86 antibody used in these analyses was raised against the C-terminal end of the protein (Ku86 [C-20] , Santa Cruz) and thus is unable to recognize the Ku86 subunit in the fastermigrating complex, which arises by the specific in vitro endoproteolysis of Ku86 at the C-terminus region (Paillard and Strauss, 1993) . This proteolytic degradation of the Ku86 subunit gives rise to a 69-kDa peptide that is able to associate with Ku70 to form a lower molecular weight Ku heterodimer, which is still capable of binding DNA (Paillard and Strauss, 1993) .
The apOBA preparation is also enriched for a high molecular weight protein, which was shown by Western analysis to correspond to DNA-PKcs ( Figure 6D ). Although DNA-PKcs is present in the preparation, it is absent from the OBA-A3/4 complex (Figure 8 ). The role of OBA/Ku in p186 in vitro replication may be independent of the DNA-PKcs activity, because addition of increasing amounts of anti-DNA-PKcs antibodies to the in vitro reaction did not affect p186 replication. Interestingly, it was reported recently that DNA-PKcs is able to bind DNA by itself, independently of Ku antigen (Yaneva et al., 1997) .
A role of Ku in DNA replication has been suggested before: it was reported as part of a multiprotein complex competent for T antigen-dependent SV40 in vitro replication (Vishwanatha and Baril, 1990; Cao et al., 1994) . More recent studies also suggest the involvement of Ku in replication, either as an independent protein or through its association with DNA-PKcs. Henricksen et al. (1996) reported that the phosphorylation of replication protein A by DNA-PK is involved indirectly in the modulation of DNA replication. Shakibai et al. (1996) reported the purification of OBF2 (origin binding factor 2) from S. cerevisiae, which is identical to HDF, the yeast homologue of the mammalian Ku antigen. OBF2 binds to the ARS121 replication origin and supports the formation of a protein complex at the origin. In our study, the inhibition of p186 replication, observed in the presence of either the A3/4 oligonucleotide or the anti-Ku antibodies directed against either subunit of Ku, also suggests a role of OBA/Ku in mammalian DNA replication. The specificity of the inhibition of p186 replication, attributable to the sequestering of p70 and p86 proteins, was demonstrated by the neutralization of these antibodies with their specific peptides. Because in vitro DNA replication is not fully inhibited by the presence of the Ku antibodies (Figure 10 ), there may also be alternative pathways to carry out OBA(Ku) activity in the absence of this protein.
Recently, Ku86 and Ku70 knockouts were obtained (Nussenzweig et al., 1996; Gu et al., 1997) , and both of them are viable. Although Ku86 Ϫ/Ϫ mice have a growth defect, neither the Ku86 Ϫ/Ϫ mice nor the murine embryonic stem cell line that lacks Ku70 expression has been investigated for defects in DNA replication. The hypersensitivity of Ku86-deficient cell lines and mice to DNA damage supports the role of Ku86 in growth regulation (Nussenzweig et al., 1997) . It has been demonstrated that multiple genes encode a family of Ku70-related polypeptides (Griffith et al., 1992) . This could explain in part the diversity of functions and contradictory data that have been reported for Ku antigen with regard to its DNA binding activity and the phenotype obtained in the knockout experiments.
